Intrauterine growth restriction (IUGR) is an obstetric complication characterised by placental insufficiency and secondary cardiovascular remodelling that can lead to cardiomyopathy in adulthood. Despite its aetiology and potential therapeutics are poorly understood, bioenergetic deficits have been demonstrated in adverse foetal and cardiac development. We aimed to evaluate the role of mitochondria in human pregnancies with IUGR. In a single-site, cross-sectional and observational study, we included placenta and maternal peripheral and neonatal cord blood mononuclear cells (PBMC and CBMC) from 14 IUGR and 22 control pregnancies. The following mitochondrial measurements were assessed: enzymatic activities of mitochondrial respiratory chain (MRC) complexes I, II, IV, I + III and II + III, oxygen consumption (cell and complex Istimulated respiration), mitochondrial content (citrate synthase [CS] activity and mitochondrial DNA copy number), total ATP levels and lipid peroxidation. Sirtuin3 expression was evaluated as a potential regulator of bioenergetic imbalance.
| INTRODUC TI ON
Intrauterine growth restriction (IUGR) is a common pregnancy complication that arises when the foetus does not achieve its growth potential and affects 5%-10% of all pregnancies.
1,2 Recent evidence demonstrated that IUGR is associated with foetal cardiovascular remodelling (CVR) 5, 6 which may eventually result in a cardiovascular risk in adulthood. 7, 8 However, the aetiopathology that underlies IUGR is still a matter of doubt. In many cases, IUGR is associated with placental insufficiency. 11, 12 The placenta is the organ enabling nutrient and oxygen supply to the foetus. 14, 15 Consequently, it plays a pivotal role for the adequate foetal development, since it requires high energy production for metabolic processes and cell growth. 16, 17 Mitochondria are key organelles responsible for providing cellular energy in terms of ATP synthesised in the mitochondrial respiratory chain (MRC). Thus, mitochondria are essential for successful foetal development 19, 20 and proper cardiac function. 21, 22 Consequently, abnormalities in mitochondrial function and uteroplacental vessels formation have been associated with both adverse perinatal outcomes (preterm birth, IUGR, preeclampsia or stillbirth) 20 and cardiac disease. 23 Mitochondria are governed by nuclear effectors such as sirtuins, aimed to modulate mitochondrial disturbances depending on cellular energetic needs and dietetic habits. 24, 25 For instance, there is evidence that Sirtuin3 would modulate mitochondrial respiration and attenuate reactive oxygen species (ROS) production by activating and deactivating mitochondrial target proteins through deacetylation of key lysine residues. 26, 27 The emergent role of Sirtuin3 in regulating diverse pathways in mitochondrial metabolism and stress response is evidenced in a situation of nutrient restriction 29 and also in cardiovascular disease. 24, 25 Interestingly, both nutrient and CVR have been associated with IUGR.
However, there are few and quite contradictory mitochondrial studies in human IUGR pregnancies. Some have reported a mitochondrial implication in placenta by transcriptomic analysis, 30 metabolic disarrangements in serum of IUGR infants 31 or less mitochondrial DNA (mtDNA) in cytotrophoblast cells. 18 Mandó et al have also described lower MRC mRNA expression in cytotrophoblast cells but no alterations at protein level. 18 While others found altered MRC enzymatic activities in human placental homogenate. 32 Overall, these studies pointed out mitochondrial alterations as a potential target in IUGR but also highlighted the need for deep mitochondrial characterisation where Sirtuin3 implication may also be explored. Our group previously evidenced mitochondrial transcriptomic, ultrastructural and function alterations in the target tissue of CVR (heart) and placental insufficiency (placenta) in a rabbit model of IUGR. 33, 34 To validate these findings in human pregnancies, the present work hypothesised that similar mitochondrial disarrangements would be present in human placenta. 34 This information could generate fresh insights in disease aetiology that, in turn, could be useful to develop targeted interventions aimed to reverse this obstetric outcome. Secondly, the present study was designed to overcome target tissue limitation of CVR in humans by evaluating potential mitochondrial deficits in peripheral tissues as maternal peripheral blood mononuclear cells (PBMC) and neonatal cord blood mononuclear cells (CBMC). The benefit of finding mitochondrial abnormalities in peripheral tissues would be the development of new potential biomarkers and therapeutic targets.
| E XPERIMENTAL

| Study design
A single-site, cross-sectional and observational study at the Maternal-Fetal Medicine Department of the Hospital Clinic of Barcelona (Spain) was conducted for 2 years.
| Study population
This study included 14 IUGR pregnancies, defined as estimated birth weight <3rd percentile or, alternatively, <10th percentile in case of abnormal uterine artery Doppler or abnormal cerebroplacental ratio. 35, 36 Birth weight percentile was calculated considering birth weight, weeks of gestation and neonatal gender. Despite final IUGR diagnostic is confirmed at delivery, all potential IUGR pregnancies were monitored by Doppler every week during gestation. In parallel, 22 uncomplicated pregnancies were considered as the control group. The inclusion criteria were: >18 years, singleton pregnancies, >22 weeks of gestation and no tobacco consumption in both IUGR and control pregnancies. Pregnant women taking potentially toxic drugs for mitochondria and with familial history of mitochondrial disease were excluded.
The study was approved by the Ethical Committee of our hospital (2013/8246) and followed the Declaration of Helsinki guidelines.
All participants provided a written informed consent.
| Sample collection and processing
At delivery, placental samples were weighted and, after discarding blood residuals, a full thickness section (from both maternal and foetal side) was obtained and processed as follows: 500 mg were homogenised (Caframo technologies, Ontario, Canada) with 10%
BSA-SolutionA to isolate fresh mitochondria and immediately perform ex vivo oxygen consumption assays. 37 The remaining tissue was immediately cryopreserved at −80°C and further homogenised at 5% (w/v) in Mannitol for the rest of mitochondrial analysis.
Additionally at delivery, 10-20 mL of maternal peripheral blood and neonatal cord blood were collected in ethylenediaminetetraacetic acid-tubes to isolate plasma, PBMC and CBMC by a Ficoll gradient. 38 One aliquot of each sample was maintained in fresh conditions to assess ex vivo oxygen consumption. The remaining aliquots were stored at −80°C for mitochondrial analysis.
The usefulness of mononuclear cells for the study of mitochondrial dysfunction has been previously validated. It offers an accessible and non-invasive approach and the possibility to find new potential biomarkers for diagnosis and prognosis. 39, 40 Protein content was measured through the bicinchoninic acid colorimetric assay following manufacturer's instructions (Thermo Scientific, Waltham, MA) to normalise experimental measurements.
| BNP levels in cord blood
As a reliable marker of neonatal cardiac remodelling, 42 brain natriuretic peptide (BNP) levels were measured in neonatal plasma by the CORE laboratory of our Hospital using an Advia Centaur XP. 43 Citrate synthase (CS) activity was also measured spectrophotometrically, 41, 45 as an enzyme belonging to the tricarboxylic acid (TCA) cycle, widely used as a reliable marker of mitochondrial content. 46 Absorbance changes along time were monitored in a HITACHI-U2900 spectrophotometer using the UV-Solution software 2.2 and were expressed as nanomoles of consumed substrate or generated product per minute and milligram of protein (nmol/min·mg protein).
| Mitochondrial oxygen consumption
| Mitochondrial DNA levels
Alternative measurement to determine mitochondrial content was performed by analysing mtDNA copy number. Thus, total DNA was phenol-chloroform-extracted from neonatal CBMC. Multiplex qPCR 7500 Real Time PCR System from Applied Biosystems (Foster City, CA) was used. 47 Briefly, quantification of the mitochondrial 12S ribosomal RNA (mt12SrRNA) gene and the constitutive nuclear RNAseP gene was performed and results were expressed as the mt12SrRNA/nRNAseP ratio.
| Total cellular ATP levels
Cellular ATP levels were quantified in each tissue using the 
| Lipid peroxidation (oxidative damage)
Lipid peroxidation was measured as an indicator of oxidative damage in to lipid membranes using the BIOXYTECH-LPO-586™ assay by the 
| Expression of Sirtuin3 in placenta
The protein content of Sirtuin3, a sensor of mitochondrial and meta- 
| Statistical analysis
Statistics were performed using the 'IBM SPSS Statistics 20' software.
Clinical and experimental results were filtered once for outliers and expressed as percentage, means ± SEM or percentage of increase/ Values are presented as mean ± SEM or percentage of positive cases within the study cohort. Case-control differences were sought by non-parametric statistical analysis. BNP, brain natriuretic peptide; CI, confidence interval; g, grams; IUGR, intrauterine growth restriction; N, sample size; NS, not significant; OR, odds ratio; y, years.
F I G U R E 1 A, Anthropometric measures of the study groups. Birth weight is significantly reduced in new-borns from IUGR pregnancies (grey bar) compared to controls (empty bar), as well as placental weight. B, Cardiac remodelling in new-borns from IUGR pregnancies. BNP levels were significantly increased in neonatal plasma from IUGR pregnancies (grey bars) with respect to controls (empty bars). Results are expressed as mean ± SEM. Mann-Whitney tests were used to seek for statistical analysis between groups. BNP, brain natriuretic peptide; IUGR, intrauterine growth restriction; ** P < 0.001; * P < 0.05 decrease of IUGR cases compared to controls. Comparisons at placental, maternal or neonatal level were always done between cases and controls (IUGR versus control pregnancies). Nonparametric tests were used to determine: case-control differences (Mann-Whitney independent sample analysis or odds ratio by Fisher's exact test) and parameter correlation (Spearman's rank coefficient). Significance was set at P < 0.05. Table 1 shows sociodemographic characteristics and perinatal outcomes of study groups. No differences were found between groups regarding maternal age, mode of delivery, new-born sex or pH umbilical artery cord blood.
| RE SULTS
| Clinical parameters
As expected, IUGR pregnancies presented abnormal 5-minute Apgar score (P < 0.05; Table 1 ) and an earlier gestational age at delivery compared to controls (P < 0.001; Table 1 ) because our clinical protocol for IUGR indicate induction of delivery about 37 weeks of gestation. Additionally, birth weight, birth weight percentile and placental weight were significantly decreased in IUGR cases with respect to controls (P < 0.001; P < 0.001 and P < 0.05, respectively; Figure 1A ; Table 1 ). Moreover, IUGR group showed higher prevalence of preeclampsia (P < 0.05; Table 1 ).
Brain natriuretic peptide levels were significantly increased by 219.23 ± 97.91% in IUGR neonatal plasma compared to controls (P < 0.05; Figure 1B ; Table 1 ).
F I G U R E 2 A, Oxygen consumption in placental mitochondria of the study groups. A significant decrease in MRC Complex I-stimulated oxygen consumption (both PM and GM Oxidation) was observed in the IUGR cohort (grey bars) compared to controls (empty bars). B, Enzymatic activities of the complexes of the MRC and CS in placental tissue of the study groups. A significant decreased was observed of complex I activity in placenta from IUGR pregnancies (B1: grey bars) while other complexes (B2, B3, B4, B5) and also CS (B6) activity remained conserved. C, Total ATP levels in placental tissue of the study groups. No significant differences were observed between IUGR pregnancies (grey bars) and controls (empty bars). D, Lipid peroxidation as an indicator of oxidative damage in placental tissue of the study groups. No significant differences were evidenced in placental tissue between IUGR pregnancies (grey bars) and controls (empty bars Figure 2A ; Table   S1 ).
| Mitochondria respiratory chain enzymatic activities and mitochondrial content
Mitochondria respiratory chain CI enzymatic activity was also significantly decreased in placenta from IUGR pregnancies compared to controls (−32.95 ± 10.36%; P < 0.05; Figure 2B ; Table S1 ), despite other MRC complexes (CII, CIV, CI + III and CII + III) were preserved ( Figure 2B ; Table S1 ).
Citrate synthase activity was conserved in placenta between groups ( Figure 2B ; Table S1 ).
| Total cellular ATP levels
No remarkable differences were observed in ATP content between groups ( Figure 2C ; Table S1 ).
| Lipid peroxidation (oxidative damage)
No relevant changes were observed in lipid peroxidation between groups ( Figure 2D ; Table S1 ).
| Sirtuin3 protein expression
A significant 117.78±51.11% (according to Table S1 ) increase of Sirtuin3/β-actin protein expression was observed in IUGR placenta with respect to controls (P < 0.05; Figure 3A ,B; Table S1 ).
| Mitochondrial study in maternal and neonatal mononuclear cells
| Mitochondrial oxygen consumption
Peripheral blood mononuclear cells from IUGR pregnant women presented conserved cellular oxygen consumption (p = NS; Figure 4A ; Table S2 ) and trends to decrease of CI-stimulated oxygen consumption compared to controls (PMox: −31.55 ± 11.36% and GMox:
−25.00 ± 10.45%; p = NS; Figure 4A ; Table S2 ).
Despite not reaching statistical significance, CBMC from IUGR new-borns presented a tendency to decrease of cellular and CIstimulated oxygen consumption compared to controls (Cellox:
45.63 ± 14.19%; PMox: −49.90 ± 11.39; GMox: -55.73 ± 11.45; all p = NS; Figure 4A ; Table S3 ). Noticeably, IUGR new-borns presented greater mitochondrial deficits compared to mothers.
| Mitochondria respiratory chain enzymatic activities and mitochondrial content
No differences in MRC CII and CIV enzymatic activities were observed in maternal PBMC or in neonatal CBMC ( Figure 4B ; Tables S2   and S3 ) between IUGR cases and controls.
Moreover, despite conserved CS activity in PBMC from IUGR pregnant women ( Figure 4B ; Table S2 ), there was a significant 39.19 ± 12.61% decrease in CBMC from IUGR new-borns compared to controls (P < 0.05; Figure 4B ; Table S3 ).
In order to elucidate if the decrease of CS in CBMC from IUGR new-borns was due to abnormalities in TCA cycle or in mitochondrial content, we measured alternative markers of mitochondrial mass such as levels of mtDNA that resulted unaltered between IUGR and control groups (Table S3 ).
| Total cellular ATP levels
No differences in ATP content were observed in IUGR group compared to controls ( Figure 4C ; Tables S2 and S3 ).
F I G U R E 3
Sirtuin3 protein levels in placenta of the study groups. A, A representative Western Blot of Sirtuin3 protein expression in human placenta is shown in both controls (1-3) and IUGR pregnancies (4-6). β-actin was used as the loading control. B, Graph showing the significant increase of Sirtuin3 levels (Sirt3/β-actin ratio) in IUGR pregnancies (grey bars) compared with controls (empty bars). Results are expressed as mean ± SEM. Mann-Whitney tests were used to seek for statistical analysis between groups. AU, Arbitrary units; IUGR, Intrauterine growth restriction; Sirt3, Sirtuin3; *P < 0.05
| Lipid peroxidation (oxidative damage)
No changes were observed in lipid peroxidation between IUGR and control groups ( Figure 4D ; Tables S2 and S3 ).
| Associations between clinical data and experimental results
Birth weight, as well as placental weight, were negatively correlated with BNP levels, confirming the association of IUGR with F I G U R E 4 A, Oxygen consumption in maternal and neonatal blood cells of the study groups. Maternal PBMC from IUGR pregnant women (grey bars) presented conserved cellular oxygen consumption (A1) and trends to decrease of oxygen consumption stimulated for CI (A2-3) compared to controls (empty bars). Despite not reaching statistical significance, neonatal CBMC from IUGR new-borns (grey bars) presented a tendency to decrease of both cellular and CI-stimulated oxygen consumption (A1-3) compared to controls (empty bars). Additionally, IUGR new-borns presented higher oxygen consumption deficiencies compared to mothers. B, Enzymatic activities of the complexes of the MRC and CS in maternal and neonatal blood cells of the study groups. IUGR cohort is presented as grey bars and controls as empty bars. No remarkable differences were evidenced in maternal PBMC. However, a significant decrease of CS activity was found in neonatal CBMC (B3). C, Total ATP levels in maternal and neonatal blood cells of the study groups. No significant differences were observed either in maternal PBMC or in neonatal CBMC between IUGR pregnancies (grey bars) and controls (empty bars). D, Lipid peroxidation as an indicator of oxidative damage in maternal and neonatal blood cells of the study groups. No significant differences were evidenced either in maternal PBMC and neonatal CBMC between IUGR pregnancies (grey bars) and controls (empty bars). Results are expressed as a percentage of increase or decrease with respect to controls ± SEM (A,B) and as mean ± SEM (C,D). Mann-Whitney tests were used to seek for statistical analysis between groups. ATP, adenosine triphosphate; CBMC, cord blood mononuclear cells; cell oxidation, cellular endogen oxidation (without substrates); CI, complex I activity; CII, complex II activity; CIV, complex IV activity; CI + III, complex I + III activity; CII + III, complex II + III activity; CS, citrate synthase activity; GM oxidation, glutamate and malate oxidation); HAE, 4-hydroxyalkenal; IUGR, intrauterine growth restriction; MDA, malondialdehyde; MRC, mitochondrial respiratory chain; PBMC, peripheral blood mononuclear cells; PM oxidation, pyruvate and malate oxidation; * P < 0.05 CVR (P < 0.001 and P < 0.01, respectively; Figure 5A ; Table S4 ).
Secondly, birth weight was also positively correlated with CIstimulated oxygen consumption (PMox and GMox P < 0.05; Table   S4 ) and CI enzymatic activity (P < 0.05; Figure 5B ; Table S4 ) in placenta, suggesting that a proper new-born weight promotes optimal MRC CI function in placenta, or more likely, that efficient placental CI function is required to reach a proper birth weight.
Additionally, birth weight was negatively correlated with placental Sirtuin3 levels (P < 0.05; Figure 5C ; Table S4 ), suggesting the adaptation mechanism of Sirtuin3 up regulation in response to IUGR.
Brain natriuretic peptide levels were also negatively correlated with CI enzymatic activity in placenta (P < 0.01; Figure 5D ; Table S4) which additionally was negatively correlated with placental Sirtuin3 levels (P < 0.05; Figure 5E ; Table S4 ). Those associations suggest that CVR is characterised by CI impairment and adaptive increase of Sirtuin3 levels in the placenta ( Figure 6 ).
Moreover, maternal and neonatal CI-stimulated oxygen consumption were positively correlated (GMox; P < 0.05; 
| D ISCUSS I ON
The molecular basis of IUGR and CVR is still a matter of doubt, but major concerns are raised due to the high prevalence of this obstetric problem and the putative consequences in adulthood. Previous experimental studies pointed out that mitochondrial deficits play a relevant role in IUGR and associated CVR. 33, 34 However, few and contrasting studies were found in the literature investigating mitochondrial alterations in human pregnancies, pointing out the need for a wider study of mitochondrial involvement in patients with this obstetric complication.
Human mitochondrial function alterations in IUGR have been previously demonstrated in placenta, specifically in isolated mitochondria or derived cultured cells. 18, 30, 32 Besides, only scarce data studying mitochondrial function in neonatal CBMC have been published so far. 48 Herein, we present a wide characterisation of mitochondrial function in human placenta together with simultaneous studies in maternal PBMC and neonatal CBMC. Our results provided evidence of mitochondrial imbalance in placenta from IUGR pregnancies focused on CI-stimulated oxygen consumption and enzymatic activity ( Figure 6 ). This significant CI deficiency was previously described by our group at transcriptional level in heart tissue of an IUGR animal model 33 and also by Beyramzadeh et al in placenta from high risk pregnancies. 32 Conversely to our findings, Mandó et al observed higher oxygen consumption stimulated either through CI + CII or CIV in placenta from IUGR cases. 18 Such discrepancies may be due to differential stimulation of specific MRC complexes and the presence of different cell linages (cytotrophoblasts and syncytiotrophoblasts) that have multiple functions, different mitochondria and also respond differently to stimulus. 49 In accordance with placental MRC CI impairment in the studied patients, placental Sirtuin3 protein expression significantly increased, probably, as an adaptation mechanism to modulate the adverse mitochondrial phenotype.
This mitochondrial imbalance was also evident in CBMC of IUGR new-borns through the significant decrease of CS activity, not described so far. Citrate synthase is a reliable marker of mitochondrial content, 46 but it is also an enzyme participating in the TCA cycle.
As parallel measurement of alternative markers of mitochondrial content (mtDNA levels) yielded to results suggestive of preserved mitochondrial mass, we concluded that alterations in CS activity would be mainly related to new-born metabolic imbalance of TCA cycle. Previous studies in obstetric complications associated with placental insufficiency such as IUGR or preeclampsia, showed contrasting results for mitochondrial content. 18, 50, 51 Noticeably, in this study, mitochondrial content was maintained also in placenta and in maternal PBMC.
Maternal PBMC were neither affected for mitochondrial function alterations, reinforcing both the placenta and the new-born as the main targets of this obstetric complication.
Remarkably, in the present study, BNP levels were significantly higher in IUGR new-borns, confirming the neonatal CVR previously reported by our group and others. 42, 54, 55 Additionally, birth weight was inversely associated with BNP levels confirming the strong association between IUGR and CVR; moreover, birth weight was also directly correlated to placental CI activity and inversely correlated with placental Sirtuin3 expression, thus reinforcing mitochondrial implication in this obstetric complication.
In regard to Sirtuin3, its expression has been associated to increased bioenergetic demands, 24, 25 often in the context of cardiovascular disease, acting as a protective mechanism in front of different stimulus, such as mitochondrial function and oxidative damage. 29, 56 This molecule is becoming of high interest as a potential target to overcome metabolic disarrangements. Additionally, it can be modulated by diet, 57 emerging as a promising intervention for obstetric complications in which pharmacological interventions are highly discouraged. In the present study, we hypothesised that CI deficiency in placenta may promote the expression of nuclear effectors such as Sirtuin3 to compensate for depressed mitochondrial function, as we previously observed in an IUGR rabbit model. 33 To our knowledge, this is the first study suggesting up-regulation of Sirtuin3 in human IUGR pregnancies, suggesting its usefulness as a therapeutic target.
On the other hand, maternofoetal correlations were observed in mitochondrial parameters, confirming the dependence of neonatal bioenergetics in maternal health status.
Our results showed preserved total ATP levels either in placental tissue, maternal PBMC or neonatal CBMC, suggesting a potential switch from aerobic to faster anaerobic metabolism to preserve ATP supply. 58 Similarly, we found no differences in lipid peroxidation, as an indicator of oxidative stress, between groups, in any tissue. Previous studies in IUGR reported controversial results in oxidative damage 49, 59, 60 but in other pregnancy complications caused by placental insufficiency, such as preeclampsia, it is described an induction of oxidative stress in the placenta and maternal blood, 59 as well as in certain risk pregnancies depending on the type of delivery (specially vaginal delivery because of intermittent perfusion of intervillous space of the placenta during uterine contractions). 61 In our cohort of IUGR pregnancies, we reduced preeclampsia comorbidity and vaginal delivery to avoid potential confounders. Whether preserved oxidative damage in our sample is linked to deficient oxygen supply due to placental insufficiency and consequent mitochondrial decreased activity, 62 the presence of antioxidant defences or other compensatory F I G U R E 6 Mitochondrial and cardiac features of human pregnancies in two contexts, complicated by intrauterine growth restriction (right side in red) and with no apparent obstetric problems (left side in green). In IUGR new-borns, low birth weight was associated to a higher levels of BNP in new-borns (indicating a potential cardiac remodelling), lower mitochondrial complex I function in placenta and decreased neonatal citrate synthase activity (representative of metabolic mitochondrial activity). In this context, there was an increase of placental protein Sirtuin3 levels, probably as a potential adaptation mechanism aimed to modulate the adverse mitochondrial phenotype reported in this obstetric complication. On the other hand, all these mitochondrial parameters were found within normal ranges in healthy children with no apparent IUGR. BNP, brain natriuretic peptide; CI, mitochondrial respiratory chain complex I; IUGR, intrauterine growth restriction
Birth Weight
• In conclusion, IUGR is associated with depressed mitochondrial function, especially at placental and neonatal level. Placental insufficiency seems to directly affect birth weight, CVR and mitochondria, highlighting the necessity to focus therapeutic efforts on those targets, such as dietary interventions aimed to regulate Sirtuin3.
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